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ABSTRACT
This paper reports the surface modification of commercially available cellulose nanocrystals (CNCs) using polyethyleneimine (PEI)
by means of non-covalent electrostatic interaction between the negatively charged sulfate groups of CNCs and positively charged
amine functionalities of PEI. The modification, carried out in an aqueous medium, results in a stable CNC-PEI suspension with no
phase separation that exhibits interesting rheological behavior due to bridging-type inter-particle interactions. The Newtonian
3% (w/w) CNC suspension evolves into a non-Newtonian gel system after modification with PEI with a consequent increase of
almost three decades in complex viscosity. Pre-shearing of the 3% (w/w) CNC-PEI suspension resulted in the loss of the linear
viscoelastic properties with increasing shear rate, as would be expected from the breaking of the inter-particle network. However,
the system gradually re-established the inter-particle network in less than an hour to give the original rheological parameters.
The effect of PEI on the rheological properties was attributed to the physical adsorption of PEI chains on the CNC particles,
examined by dynamic light scattering, zeta potential, X-ray photoelectron spectroscopy, elemental analyses, and isothermal
adsorption studies. The modified CNC-PEI particles did not show any significant change in the particle morphology compared to
the unmodified CNCs, as observed from transmission electron microscope images.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5046669
INTRODUCTION
The microfibrils obtained from wood after the removal of
lignin and hemicelluloses are basically cellulose chains held
together by H-bonding, resulting in highly ordered and crys-
talline regions alternated by disordered amorphous regions
(Habibi et al., 2010; Moon et al., 2011; and Kalia et al., 2011).
The amorphous regions of these microfibrils are broken
down by mechanical treatment or sulfuric acid hydrolysis,
to extract the crystalline regions as fine rod-shaped cellu-
lose nanocrystals (CNCs). Therefore, CNCs are bioresource-
derived nanoparticles, and they are known for their high
aspect ratio, large surface area, high strength, and anisotropic
properties with a tendency to adopt directional orientation
(Marchessault et al., 1959). These particles provide a green
alternative for potential applications in different fields rang-
ing from reinforcing polymer matrices (Girouard et al., 2015;
Bagheriasl et al., 2016; Beuguel et al., 2018a; and Li et al., 2016)
to the development of dispersions and Pickering emulsions
(Kalashnikova et al., 2013; Wena et al., 2014; and Hu et al., 2015),
aerogels, and coatings (Hoeger et al., 2011 and France et al.,
2017), improving electrical conductivity of conducting poly-
mers (Meulendijks et al., 2017) and fillers for concrete (Cao
et al., 2016). Apart from their remarkable physical attributes,
the CNCs are also biocompatible, biodegradable and have low
toxicity, making them good candidates for biomedical applica-
tions, such as tissue engineering (Millon and Wan, 2006; Guise
and Fangueiro, 2016; and Sabra et al., 2017).
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Despite CNCs having desirable physical properties, they
do not possess suitable surface properties required for cer-
tain applications, such as appropriate hydrophobicity for dis-
persion in non-polar media or polymer matrices (Eyley and
Thielemans, 2014). Hence, surface modifications of CNCs have
been carried out to improve the interfacial interaction with
polymer matrices, whereby the reinforcing properties were
further enhanced (Peresin et al., 2014 and Zhao et al., 2017).
Reactive functionalities can also chemically be grafted onto
the hydroxyl groups on the surface of CNCs, which allowed
them to eventually react with the polymer (Xu et al., 2008 and
Girouard et al., 2016). In one study, the CNCs were chemically
modified to bear cationic functionalities and then used for
the preparation of carboxy-methyl cellulose films by means
of solvent casting. The solubility of both the cationically mod-
ified CNCs and negatively charged carboxymethyl cellulose in
water allowed for a good dispersion of the nanoparticles in the
matrix, while the electrostatic interaction between the oppo-
sitely charged species allowed for good interfacial interaction
and improved mechanical properties of the resulting films
(Li et al., 2016). Other surface modifications, such as graft-
ing fluorescent groups onto CNCs to allow bioimaging, have
been reported (Dong and Roman, 2007), while a solvent-free
approach of modification has been developed by a technique
known as photo-initiated chemical vapor deposition (PICVD)
that could be an interesting option for large-scale covalent
modification (Javanbakht et al., 2016).
While the moderate hydrophilicity of CNCs allows them
to be easily dispersed in polar matrices such as polyvinyl alco-
hol (Abitbol et al., 2011 and Jorfi et al., 2013) and polyethy-
lene glycol (Beuguel et al., 2018a), without any need for prior
surface modification, CNCs have also been modified to have
improved polarity in terms of surface charge for applications
requiring good suspension stability in water; for example,
CNCs were oxidized using (2,2,6,6-tetramethylpiperidine-1-
oxyl radical) (TEMPO)-mediated oxidation to introduce car-
boxylate functionalities on the surface, which allowed better
suspension stability (Yang et al., 2015). In the case of CNCs
obtained from sulfuric acid treatment, there are sulfate half
ester groups formed on the surface, which impart a negative
charge to the CNCs once dispersed in water. These particles
have good suspension stability in water lasting for days with-
out any agglomeration due to electrostatic repulsion between
the particles (Beuguel et al., 2018b). The sulfate bearing CNCs
have also been reported to act as anti-coagulant agents in
blood by mimicking the naturally occurring heparin in terms
of charge density (Ehmann et al., 2014).
Certain suspensions of surface modified CNCs can form
hydrogels, which are particularly interesting as the suspension
characteristics depend not only on the concentration of the
particles but on their surface properties as well. The 4% (w/w)
suspension CNCs bearing sulfate groups were reported to
result in hydrogels after an autoclave treatment of 20 h
at 80 ◦C or 4 h at 120 ◦C, which was explained to be
caused by the desulfation of the particles and the free sul-
fate groups acting as inter-particle crosslinks (Lewis et al.,
2016). Suspensions of cationically modified CNCs have also
been reported to result in hydrogels under certain condi-
tions. Positive charges were rendered on CNCs by cova-
lently grafting epoxypropyltrimethylammonium chloride on
their surface, and at a certain concentration, these modi-
fied CNCs in water were reported to form a weak hydro-
gel that lost its gel-behavior after shearing (Hasani et al.,
2008). Thus, depending on the kind of surface modification,
the CNC suspensions can be tailored for specific rheological
properties.
Non-covalent surface modification of CNCs is of inter-
est because it does not involve the use of any coupling agents
or solvent purification processes, which can bring about tox-
icity and environmental concerns. This type of modification
relies on the electrostatic interaction between the negatively
charged CNCs with an appropriately chosen cationic additive.
The non-covalent surface modification of CNCs is usually car-
ried out in a solvent that both solubilizes the additive (adsorb-
ing agent) and disperses the CNCs. While this method appears
to be easy to implement and would be industrially friendly,
the resulting modification is accompanied by an instant phase
separation of the nanoparticles because of decreased sur-
face polarity (Heux et al., 2002 and Kaboorani and Riedl,
2015), leading to the loss of rheological properties of the
suspension.
Given the advantages of CNCs obtained from sulfuric acid
treatment, namely, their availability at a commercial scale,
good dispersion in water, and possibility of non-covalent mod-
ification, we decided to investigate the surface modification
of these particles in an aqueous medium using a suitable
cationic additive and study the rheological properties of the
resulting aqueous suspensions. Polyethyleneimine (PEI) was
chosen as the cationic polymer for this non-covalent surface
modification as it is water soluble, is commercially available
in both linear and branched forms, and has been reported
for numerous applications such as a low toxicity cross-linker
(Reddy et al., 2003; Jia et al., 2010; and Sun et al., 2011), a binding
or fixing agent that improves the effluent quality of the pulp
and the print quality on paper in the pulp and paper indus-
try (Wang et al., 2016), for drug delivery and other biomedical
applications (Lin and Dufresne, 2014), for its anti-microbial
properties (Azevedo et al., 2014), and a chelation agent with
heavy metals (Kobayashi et al., 1987). PEI has also been chem-
ically bound to TEMPO-oxidized CNCs to aid their disper-
sion in polymers such as epoxy resins (Zhao et al., 2017) and
used to crosslink cellulose nanofibrils to create biomedical
scaffolds (Alexandrescu et al., 2013). The interactions between
macroions, such as charged DNA, RNA, silica particles, and
cell membrane proteins due to the presence of an oppositely
charged polyelectrolyte (e.g., PEI) are called bridging inter-
actions (Podgornik, 2004). This type of molecular interaction
allows PEI to be used in gene delivery (Xia et al., 2009 and
Ortega-MuCoz et al., 2016) and cell attachment (Vancha et al.,
2004). PEI acts as a mediator and reduces the interparticle
distance between the negatively charged macroions (Popto-
shev and Claesson, 2002). Linear PEI chains are known to
adopt a random coil conformation in water, while branched
PEI is reported to have a spherical-type conformation
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(Suh et al., 1994). Since CNCs would have a large effective sur-
face area and negative charges when properly dispersed in
water, they are likely to consume a large quantity of PEI during
the modification, which would eventually result in loss of mor-
phology of the particles along with phase separation from the
suspension. Therefore, it was decided to focus on preparing
stable aqueous suspensions using low amounts of branched
PEI (greater charge density than linear PEI) and analyze
the rheological properties of the resulting aqueous CNC-PEI
suspensions.
MATERIALS
Spray-dried CNCs obtained from sulfuric acid hydrol-
ysis of wood pulp were provided by CelluForce (Montreal,
Canada) (Beck et al., 2012) and used as such. Similar to pre-
vious reported work on these CNCs, they were found to have
approximately 3.5 half-ester sulfate groups per 100 anhydrose
glucose units from X-ray photoelectron spectroscopy (XPS)
analysis, corresponding to ∼1% degree of substitution (given
three hydroxyl groups per anhydrose glucose unit) (Sojoudiasli
et al., 2017 and Beuguel et al., 2018b).
The branched PEI purchased from Sigma Aldrich Canada
of 99% purity with Mw of 25 000 g/mol and polydispersity of
∼2.5 was used as received. All preparations were carried out in
MilliQ water of resistivity 18.2 MΩ cm.
METHODS
Preparation of CNC and CNC-PEI suspensions
A stable and clear 5% (w/w) CNC suspension was pre-
pared by dispersing 2 g of CNCs in 40 ml of MilliQ water
using an ultrasonic homogenizer (Cole-Parmer model CP505
500 W) equipped with a Sonics & Materials VCX500 tapered
tip probe. To prevent heating of the suspension during the
ultrasonication treatment, the suspension was placed in an ice
bath and no more than 2000 J of energy was applied at one
time. A total energy of 10 000 J/g of CNC at a power of 28 W
using a pulse cycle of 5 s ON and 2 s OFF afforded a complete
dispersion of the CNCs (Beuguel et al., 2018b) with no visi-
ble agglomerates. This 5% (w/w) suspension was then diluted
to 1% (w/w) and 3% (w/w) for the preparation of CNC-PEI
suspensions.
A 1% (w/w) solution of PEI was prepared by dissolving
0.1 g in 10 ml of MilliQ water at 50 ◦C with 30 min of magnetic
stirring. A known volume of this PEI solution was added to
1% (w/w) or 3% (w/w) of the clear CNC suspension (prepared
above) to carry out the modification and obtain the CNC-PEI
suspension. The addition of PEI solution to the well dispersed
CNC suspensions was always found to result in an instanta-
neous phase separation of the nanoparticles from the suspen-
sion with visible agglomerates that did not break even upon
vigorous shaking. However, the application of sonication dur-
ing the introduction of PEI into the CNC suspension was found
to result in a clear dispersion with no evidence of agglomer-
ate formation and no phase separation for several days. The
amount of energy applied during the addition of PEI to the
CNC suspension was also important. An energy lower than
5000 J/g of CNCs in the suspension would result in a grad-
ual phase separation, though to a lesser degree than when no
sonication was applied. An energy of 5000 J/g of CNC afforded
a stable suspension regardless of whether the suspension was
made using a dilute 1% (w/w) of CNCs or a more concentrated
3% (w/w) of CNCs in water.
The amount of PEI used for the modification was cal-
culated in terms of g per g of CNC in the final suspension.
To simplify the presentation, all suspensions are defined as
CNC/PEI (x/y) where x is the weight % (w/w) of CNCs in
the suspension and y is the concentration of PEI used in g PEI
per g of CNCs. Thus, to prepare 50 ml of CNC-PEI (3/0.01)
suspension, 30 ml of 5% (w/w) CNC suspension (i.e., 1.5 g
of CNCs) was diluted with 18.5 ml of MilliQ water followed
by addition of 1.5 ml of 1% (w/w) PEI solution (i.e., 0.015 g
of PEI) and application of 7500 J (for 1.5 g of CNC) of ultra-
sonication energy. The resulting suspension was clear with a
white tinge and showed no apparent phase separation. The
same procedure was followed to prepare CNC/PEI (1/0.005),
(1/0.01), (1/0.02), (3/0.005), (3/0.01), (3/0.02), and (3/0.05)
suspensions.
Since CNC-PEI modification requires an additional ultra-
sonication treatment of 5000 J/g of CNCs, the unmodified
CNC suspension was also treated with this additional energy
after dilution to 1% or 3% (w/w) concentration to ensure
comparative analysis.
The pH of the CNC suspensions obtained using ultra-
sonication energy of 10 000 J/g of CNC was always found
to vary between 6.7 and 7.1 for different batches. An addi-
tional 5000 J/g of CNC did not alter the pH of the suspension.
Thus, the ultrasonication energy required for the preparation
of CNC-PEI suspensions was considered to not cause dam-
age to the particles or dislodge the sulfate groups from the
surface, which would have resulted in a decrease in the pH of
the suspension and also affected the surface charges (see the
section titled DLS and zeta potential). This confirms our pre-
viously reported observation where the ultrasonication per-
formed in ice-cold conditions at a power of 28 W did not result
in desulfation (Beuguel et al., 2018b).
Due to the mildly basic character of PEI, the pH of the
CNC-PEI suspensions was found to show a slight increase
depending on the amount of PEI used for the modification. The
trace amounts of 0.005 g of PEI per g of CNCs did not lead to
any significant changes in the pH of the CNC suspension (pH
being around 6.9-7.3) while the pH of suspensions made using
0.01, 0.02, and 0.05 g of PEI per g of CNCs was found to vary
between 7.5 and 8.2.
To obtain dried particles of unmodified CNCs and CNC-
PEI, the suspensions were freeze-dried using a Labconco
FreeZone Plus 2.5 L Cascade Benchtop freeze dry system after
being refrigerated at −20 ◦C for 3 days. The CNC/PEI freeze-
dried particles will be represented as CNC/PEI-y(fd), where y
is the concentration of PEI used in g PEI per g of CNCs and “fd”
is for freeze-dried.
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DLS and zeta potential measurements
The freshly prepared suspensions of CNCs and CNC-
PEI were diluted to 0.05% and 0.1% (w/v) concentrations
in MilliQ water for the dynamic light scattering (DLS) and
zeta potential measurements on the Malvern Zetasizer Nano-
S (ZS) and Malvern Zetasizer Nano-ZSP, respectively, at 25 ◦C.
The DLS measurement was carried out on the suspensions
as prepared after the required dilution and no pH adjust-
ment was performed before or after dilution. The detection
angle for the DLS measurement was 173◦, and the corre-
lation factor for these dilutions was around 0.7–0.8, which
is indicative of a sufficient particle concentration for reli-
able data. The suspensions were analyzed in duplicate and,
for each sample, three measurements of 15 runs each were
carried out with a delay of 30 s for equilibration. The
peak position for different particle sizes and their respective
area percentages were studied along with the Zav (harmonic
mean of scattered intensity of the particle) and polydis-
persity index (PDI) as calculated by the Malvern Zetasizer
software.
For the zeta potential measurements, the net surface
charge of the CNC and CNC-PEI particles was analyzed from
the electrophoretic mobility using the Smoluchowski equa-
tion. Since charges of PEI would be pH dependent, the ζ-
potential measurements for 0.05% and 0.1% (w/v) dilutions of
the suspensions were also carried out after adjusting their pH
to 3 and 10 using freshly prepared 0.1M HCl and 0.1M NaOH
solutions, respectively. Since the particles can be affected
by the electric current flow during the ζ-potential measure-
ments, each sample was analyzed in triplicate to calculate the
standard deviation.
Isothermal adsorption study
To quantify the adsorption of PEI onto the CNC particles,
an isothermal adsorption study involving viscometric analy-
sis similar to a previously reported work (Lenfant et al., 2017)
was performed on a CANON-Fenske Ubbelhode viscometer
with a capillary diameter of 50 µm. A calibration curve of the
relative PEI viscosity and concentration was plotted and fit-
ted with the Kraemer-Huggins equation for intrinsic viscos-
ity. The concentrations used for the calibration curve ranged
between 0 and 0.02 g/ml of PEI in MilliQ water. The time of
the water flow through the capillary of the viscometer used
was 268 s.
For the adsorption study of PEI onto the CNCs, a total of
16 suspensions of CNC-PEI suspensions were made by prepar-
ing CNC suspensions in water of concentrations of 0.5% and
1% (w/w) and varying the amounts of PEI in them from 0
to 0.01 g/ml in the final suspensions. These concentrations
of PEI corresponded to 0–2 g of PEI per g of CNCs in the
suspensions. To recover the unadsorbed PEI from the suspen-
sions, two methods were followed. In the first method, calcium
chloride salt was added to the suspensions up to a final con-
centration of no more than 100 mM. This allowed the pre-
cipitation of unadsorbed CNCs and CNC-PEI particles, which
were then centrifuged at 13 000 rpm for 30 min. The super-
natant containing unadsorbed PEI was then decanted and
quantified using the calibration curve. In the second method,
the suspensions were first freeze dried and then re-suspended
with the same volume of water as used during their prepa-
ration. The freeze-dried particles were left to swell in water
for 4-5 h before magnetic stirring for 24 h. The freeze-dried
CNC-PEI particles remained insoluble in water while allowed
the dissolution of any excess PEI. The particles were then cen-
trifuged at 13 000 rpm for 90 min, and the supernatant was
collected and quantified for free PEI.
XPS analysis
The atomic percentages of C, O, and N on the surface
of the freeze-dried CNCs and CNC-PEI with 0.02 g of PEI
per g of the CNC sample were determined at 3.0 × 10−9 Torr
pressure via a VG ESCALAB 3 MKII XPS instrument equipped
with a Mg Kα source of power 300 W. The samples were ana-
lyzed for a surface of 2 mm × 3 mm up to a depth of <10 nm.
For the quantitative determination, only the high-resolution
spectra of C1s, O1s, and N1s peaks obtained were used.
The Shirley method was applied to correct the background
contribution.
Elemental analysis
The atomic % of C, N, and H in the freeze-dried CNC and
CNC-PEI with 0.01 and 0.02 g of PEI per g of CNC samples was
determined using an EuroEA Elemental Analyzer instrument.
Approximately 1 mg of the sample was weighed up to an accu-
racy of 0.01 mg and sealed in a tin cap. Empty tin caps were
passed as blank samples to ensure column conditioning. The
sample was subjected to a furnace temperature of 980 ◦C and
then transferred to a reactor column (EuroVector E13041) for
oxidation to generate NOx, CO2, and H2O, which were then
separated on the 2 m-long GC column (EuroVector E11501)
placed in an oven at 100 ◦C. The carrier gas used was He with a
flow rate of 115 ± 5 ml/min. The identification of the separated
gases from their retention times and their respective quantifi-
cation from their peak area was done using a calibration curve
of acetanilide standard.
TEM analysis
The CNC suspension and 3% (w/w) CNC-PEI with 0.02 g
PEI per g of CNC was diluted to approximately 0.001% (w/v)
in MilliQ water and sonicated for 4 min in a sonicator bath to
sufficiently homogenize the particles after dilution. The circu-
lar transmission electron microscope (TEM) support involving
a Cu grid with a carbon film was dipped in each suspen-
sion and allowed to dry. The grid was then placed in a bright
field imaging Jeol JEM 2100F TEM instrument operated at an
accelerating voltage of 200 kV to image the particles.
Rheology characterization
The rheological tests were performed on a controlled
stress rheometer Anton Paar MCR502 using a double-wall
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Couette-flow geometry. The time sweep measurements of 1%
w/w CNC and CNC-PEI suspensions did not show any evo-
lution in their rheological properties for over 10 h. The freshly
prepared suspensions were transferred to the geometry main-
tained at 25 ◦C. A pre-shear of 10 s−1 was applied for 100 s
followed by a 100 s relaxation time before carrying out fre-
quency sweep tests in small amplitude oscillatory shear (SAOS)
between 0.1 and 100 rad s−1 at a strain within the viscoelas-
tic linear domain. The steady-shear viscosity was measured
by applying shear rates between 0.1 and 500 s−1. Note that no
reliable data of the 1% CNC suspensions could be obtained for
the steady-state viscosity for a shear rate lower than 20 or
30 s−1 and the complex viscosity was found to be affected by
inertial effects at frequencies larger than 10 rad/s; hence, no
superposition of the η∗ and η data could be achieved for these
data.
The 3% CNC-PEI suspensions were found to evolve with
time into a gel system and, hence, time sweep experiments
were performed at 10 ◦C with a solvent trap placed on the bob
of the geometry to prevent solvent evaporation and conse-
quent changes in concentration during the experiments. It is
worth noting that the 1% CNC-PEI suspensions did not evolve
at 10 ◦C and hence were studied at 25 ◦C. Therefore, the 3%
CNC-PEI suspensions were characterized at 10 ◦C, while the
1% (w/w) CNC-PEI suspensions were characterized at 25 ◦C.
The freshly prepared 3% CNC-PEI suspension was transferred
to the geometry and a pre-shear at 10 s−1 for 100 s was applied
before launching the time sweep experiment at 1 rad/s with
1% strain. When the evolution of the rheological properties
during time sweep experiments was found to stabilize with no
more than 10% changes for around 30-40 min, a frequency
sweep test (also at 10 ◦C) was performed between 0.1 and
100 rad s−1 at strains of 1% and 15%. The linear viscoelastic
domain of these gel systems extended up to ∼18% strain, and
thus, the rheology values from frequency sweep tests at 1%
and 15% strain were found to be similar. The behavior of the
gel system in the non-linear domain was studied for both an
increasing shear rate from 1 to 500 s−1 and a decreasing shear
rate from 500 to 1 s−1.
To study the gel structure after shear deformation, a small
angle oscillatory shear (SAOS) test for different applied pre-
shear rates was performed. This experiment is similar to the
previously reported work on polymer-clay nanocomposites
(Mobuchon et al., 2007). In brief, a decreasing shear rate from
500 to 0.1 s−1 was applied to the gel of the 3% CNC-PEI con-
taining 0.01 g of PEI per g of CNCs. The system was then
subjected to a constant pre-shear of 500 s−1 for 60 s to reach
steady state and then subjected to SAOS at 1 rad s−1 and 1%
strain for around 2 h. This was followed by other pre-shear
rates at 300, 100, 10, and 1 s−1, each followed by an SAOS study
of approximately 2 h.
Re-dispersion of freeze-dried particles in water
The freeze-dried particles (∼0.02 g) were suspended
with 10 ml water and magnetically stirred for 48 h to allow
proper wetting and then ultrasonicated up to 10 000 J/g
of CNCs to examine their dispersion on re-introduction of
water.
RESULTS AND DISCUSSION
DLS and zeta potential
Both the negatively charged CNCs and the PEI have an
affinity for water and, therefore, the DLS and zeta potential
analyses of the suspensions can indicate whether PEI chains
are adsorbed onto CNCs or if PEI remains as a separate entity
in the aqueous phase.
It should be mentioned here that the DLS and zeta poten-
tial techniques are meant for spherical particles and do not
specifically apply to the rod or needle-shaped CNCs as their
electromotive mobility varies along the axis and perpendic-
ular to the axis of the particle. For such non-spherical par-
ticles, the particle size as measured by the DLS instrument
refers to the size of an equivalent spherical particle (a spheri-
cal polystyrene calibration curve pre-existing in the software)
having an electromotive mobility similar to the average of
the axial and equatorial electromotive mobility of the particle
being studied. Also, since the electromotive mobility is a func-
tion of surface charge and degree of solvation of the particle,
the unmodified CNC and CNC-PEI particles would be different
in those respects and, hence, can at least be analyzed only on
relative terms. Thus, this analysis was only used as a prelim-
inary indication of the adsorption of PEI onto the CNCs and
we will concern ourselves with only the relative changes in
the particle size and surface charge of the CNCs in the aque-
ous suspension before and after modification with PEI rather
than laying emphasis on the absolute values of size and surface
charge of the particles.
The Zav and PDI values of the CNC particles for various
suspensions are summarized in Table I along with the size and
area percentages of two peaks (peak 1 and peak 2) that were
observed for each suspension. Peak 1 refers to the popula-
tion of larger particles and peak 2 refers to the comparatively
smaller particles in the suspension. Since the CNC-PEI sus-
pensions were found to show the occurrence of these two
peaks to more or less in the same proportions as for the
unmodified CNC particles, the presence of these two peaks
is likely due to particle size heterogeneity in the raw mate-
rial. The suspensions were prepared in duplicates and their
values were not found to differ by more than 15%, which is
considered as a reasonable degree of reproducibility for this
analysis.
The Zav values reported in Table I (rows 1 and 2) for
the unmodified CNCs (∼73 nm) confirm the results obtained
by Beuguel et al. (2018b) for well-dispersed CNCs in water.
As can be seen for 1% (w/w) CNC suspension modified with
different amounts of PEI (rows 3-5 in Table I), the Zav of
the CNC particles increases after modification with PEI and
the effect is more important as the amount of PEI increases.
Thus, despite the water-soluble nature of PEI and the strong
affinity of the CNC hydroxyl and sulphate groups for water,
the increases in particle size are an indication of physical
Phys. Fluids 31, 021207 (2019); doi: 10.1063/1.5046669 31, 021207-5
Published under license by AIP Publishing
Physics of Fluids ARTICLE scitation.org/journal/phf
TABLE I. The Zav and PDI for the CNC particles in different aqueous suspensions. Peak 1 refers to the population of particles with larger size and peak 2 for the comparatively
smaller size particles. Rows 1-9 correspond to experiments conducted without pH adjustment, whereas for rows 10-12, the pH was adjusted.
Peak 1 Peak 2
No. CNC/PEI (x/y) Zav (nm) PDI Size (nm) Area % Size (nm) Area %
1 (1/0) 73 ± 1 0.41 ± 0.10 136 78 33 22
2 (3/0) 73 ± 2 0.39 ± 0.07 113 73 36 27
3 (1/0.005) 122 ± 3 0.43 ± 0.08 205 75 56 25
4 (1/0.01) 136 ± 4 0.46 ± 0.05 221 75 56 22
5 (1/0.02) 143 ± 2 0.45 ± 0.06 321 80 82 20
6 (1/0.01) after 4 days 156 ± 8 0.52 ± 0.01 400 64 97 36
7 (1/0.02) after 4 days 143 ± 6 0.51 ± 0.02 630 47 126 53
8 (3/0.01) 125 ± 6 0.51 ± 0.03 196 56 82 38
9 (3/0.02) 152 ± 4 0.51 ± 0.04 367 58 87 42
10 0.2% (w/w) PEI pH = 3 197 ± 26 0.45 ± 0.20 439 22 22 57
11 0.2% (w/w) PEI pH = 7 225 ± 32 0.53 ± 0.30 269 71 7 29
12 0.2% (w/w) PEI pH = 10 53.8 ± 23 0.43 ± 0.20 27 65 5 35
adsorption due to electrostatic interaction between CNCs and
PEI. When these 1% (w/w) CNC-PEI suspensions were stored
for 4 days and re-analyzed (rows 6 and 7 in Table I), the Zav
value for the CNC/PEI (1/0.002) suspension did not change,
while that of CNC/PEI (1/0.001) showed a small increase.
However, the particle size increased almost 2 times for both
peaks while the difference between their respective area per-
centages decreased explaining the slight or null effect on the
Zav values. The changes in particle size, which are masked in
the Zav values but also observed in the PDI values, are indica-
tive of particle-particle interactions with PEI chains acting as
bridges.
The 3% (w/w) CNC-PEI suspensions (rows 8 and 9) also
show the same trends observed for the 1% (w/w) CNC-PEI
suspensions. The only noticeable difference is in the area pro-
portions of peak 1 and peak 2, where the 3% (w/w) CNC-PEI
suspensions have peak areas similar to the CNC-PEI (1/0.01 or
0.02) suspensions analyzed after 4 days. This can be under-
stood from the fact that the 3% (w/w) CNC-PEI suspen-
sions have a smaller inter-particle distance and thus a greater
tendency to have bridging-type particle-particle associations
than the freshly prepared 1% (w/w) CNC-PEI suspensions.
Usually, in DLS, a PDI of <0.1 refers to a monodisperse
particle size population while a PDI >0.8 refers to a highly
polydispersed size distribution. In all cases, the PDI was found
to vary between 0.4 and 0.5, indicating a moderate degree
of polydispersity in the particle size. The fact that the PDI of
CNC-PEI suspensions was not significantly different from that
of unmodified CNC suspension indirectly indicates a uniform
modification of the particles.
Rows 10-12 in Table I report the effects of adjusting the
pH of the solution. The Zav at pH 10 is very small, but increases
as the pH decreases. The pH of the solution would affect the
number of protonated amine functionalities (pKb ∼ 5-6) (Smits
et al., 1993 and Suh et al., 1994), thereby affecting the intra-
particle repulsion and also the double layer due to solvation
with water molecules. As the pH of the solution decreases,
the number of protonated moieties would increase resulting in
greater solvation, larger double layer, and, hence, larger parti-
cle size. The small surface charge on PEI at pH 10 (see zeta
potential analysis below) would result in less solvation and
smaller size while the greater surface charge at pH 3 and 7
would increase the solvation and thus the size.
The zeta potential values measured for the CNC-PEI sus-
pensions without any pH adjustment and also after pH adjust-
ments to 3, 7, and 10 are summarized in Table II. After the
required dilution for analysis, the pH of the suspensions was
anywhere between 6.8 and 7.5 for the CNC and CNC-PEI sus-
pensions; thus, the zeta potential values without a pH adjust-
ment have been considered as an approximation to be for pH
7 in Table II.
The zeta potential values for the unmodified CNCs do not
vary with a change in the pH, which is coherent with the low
pKa values of sulfate groups (pKa of HSO4− is ∼2.4). Being a very
weak conjugate base of HSO4−, the sulfate group is unlikely to
accept a proton even at a pH of 3, and thus, the zeta potential
values do not change for the unmodified CNCs regardless of
the pH. Also, the near constancy in surface charges at differ-
ent pH indirectly implies the absence of any desulfation due
to the ultrasonication treatment. Had there been desulfation,
the sulfuric acid formed as a byproduct would have been neu-
tralized when adjusting the pH of the suspension and CNCs
TABLE II. Zeta potential values for CNC, PEI, and CNC-PEI suspensions at different
pH.
Zeta potential (mV)
CNC/PEI (x/y) pH = 7 pH = 10 pH = 3
1/0 −47.6 ± 4 −53.2 ± 3 −46.2 ± 2
3/0 −46.9 ± 2 −51.3 ± 2 −47.3 ± 4
1/0.005 −48.0 ± 1 −51.8 ± 5 −43.6 ± 1
1/0.01 −42.6 ± 1 −49.0 ± 3 −30.0 ± 2
1/0.02 −42.1 ± 1 −51.5 ± 2 −20.6 ± 2
3/0.01 −41.2 ± 1 −41.8 ± 2 −34.4 ± 3
3/0.02 −41.2 ± 1 −45.4 ± 2 −28.8 ± 2
0.2% (w/w) PEI solution +43 ± 1 +6.7 ± 1 +46 ± 1
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would have been observed with lower negative charges at pH
10, which was never observed.
In contrast, the PEI molecule with different amine func-
tionalities has a pKb ∼ 5-6, which would allow protonation
and deprotonation of the amine groups above and below
pH 5-6. If we are to estimate the percentage of protonated
groups using the classical Henderson-Hasselbalch equation
for pKb of amines, a pH of ∼7 would imply almost 80%-90% of
groups being protonated; a pH of 3 would result in all groups
being protonated while a pH of 10 would have only 10%-20%
of the groups being protonated. This is reflected in the zeta
potential values of the PEI solution (last row in Table II), where
the positive charge is similar at pH 7 and 3, but is signifi-
cantly lower at pH 10. Since the CNC-PEI suspensions have
a pH ∼ 7-8, there would be enough charge density on PEI for
an effective electrostatic attraction with CNCs, which is also
corroborated by the DLS analysis above showing particle size
increases.
As seen from Table II, all of the CNC-PEI suspensions have
an overall negative charge on the particle, though it is less than
that of unmodified CNCs. The absolute value of the negative
charge on CNCs is almost comparable to the positive charge
on PEI (pH 7), but since the amount of PEI used in the present
study is much lower than the amount of CNCs in the sus-
pension, we observe a decrease in the negative charge after
modification rather than a complete neutralization of charge
or a reversal of charge. The decrease in the negative surface
charge of CNCs is quite significant at pH 3, which is coherent
with the increase in the number of protonated amine func-
tionalities at a low pH. When the pH of CNC-PEI suspension
is reduced to pH 3, the unprotonated amine functionalities on
the already adsorbed PEI would also develop a positive charge,
thereby decreasing further the negative charge on the CNC
particles. It should be remembered that the surface charge
of the CNC-PEI particles measured by zeta-potential is the
net charge of the particles and does not imply the absence
of positive charge on the adsorbed PEI. Some chains of the
branched PEI may bear protonated amine functionalities sim-
ply because they are not directly in contact with the CNC
surface.
Thus, collectively looking at the DLS and zeta poten-
tial analysis of the CNC-PEI suspensions, we can infer that
there is an adsorption of PEI chains onto the CNC particles
in the aqueous phase and the modification is quite uniform.
Also, even though the surface negative charge of CNCs slightly
decreases, there may not be a complete charge neutralization.
What is also very interesting about these suspensions is that
while the decrease in negative charge of particles is gener-
ally known to reduce the inter-particle repulsion and conse-
quently affect the suspension stability, this was not observed
for the CNC-PEI suspensions, which remained stable for days.
Isothermal adsorption
To quantify the extent of PEI adsorption, we followed
one approach based on the electrostatic charge screening of
particles by a suitable salt, in this case calcium chloride that
allows the precipitation of the unmodified negatively charged
CNCs along with the CNC-PEI particles in the suspension. This
method relies on the assumption that the electrostatic inter-
action between CNC and PEI would remain unaffected in the
presence of salt. While the use of calcium chloride salt has
been studied before for the adsorption of hydroxyethyl cellu-
lose onto CNCs (Lenfant et al., 2017), it is difficult to confidently
extrapolate it to the adsorption of PEI onto CNCs without
strong experimental proof. Thus, a second methodology was
also studied, which is based on the fact that the CNC-PEI par-
ticles do not re-disperse in water after they have been dried
(see the section titled Re-dispersion of freeze-dried particles
in water).
The concentration of the unadsorbed PEI in the super-
natant, collected by both methods, was determined using the
calibration curve of PEI shown in Fig. 1. The relative viscosity
(ηrel) was plotted against the concentration (ci) of PEI and the
data were fitted as per the Huggins-Kraemer equation
lnηrel = [η]ci + (KHK − 0.5)[η]2ci2, (1)
where the intrinsic viscosity ([η]) and the Huggins-Kraemer
constant (KHK) were found to be 10.7 and 0.77, respectively.
Using the Mark-Houwink-Sakurada equation [η] = 0.51M¯0.31v
as reported in the literature for branched PEI (Park and Choi,
1996), the viscosity average molecular mass (M¯v) for PEI used
in this study was found to be 18 100 g/mol, which lies in
between the M¯w and M¯n reported by the supplier.
The PEI adsorbed onto the nanoparticles was determined
as cads = ci − cf , where cads, ci, and cf are the adsorbed, ini-
tial, and final concentrations in g/ml of PEI in the suspensions,
respectively. The cads values were then used for calculating the
PEI adsorbed per g of CNCs in the suspension, i.e., Γads (mg/g).
The plot of Γads versus the CPEI, amount of PEI (g/g CNC)
FIG. 1. Plot of relative viscosity ηrel as a function of the PEI concentration fitted to
the Huggins-Kraemer equation.
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FIG. 2. The adsorption profile of PEI onto the CNC particles shown as a plot of
PEI adsorbed [Γads (mg/gCNC)] versus the amount of PEI [cPEI (g/gCNC)] used in
the preparation of aqueous CNC-PEI suspensions. PEI quantified in supernatant
by (a) the calcium chloride method (circles) and (b) the freeze-drying method
(squares).
used in the preparation of the suspensions, are presented in
Fig. 2. Both the freeze-drying and calcium chloride methods
of PEI determination in supernatant gave similar results with
the maximum possible adsorption of PEI being around 200 mg
per g of CNC. Similar to the adsorption of hydroxyethyl cel-
lulose onto the CNCs (Lenfant et al., 2017), the adsorption of
PEI was also seen to follow the Langmuir model that can be
expressed as
Γads = Γmax
cf
cf + kaΓmax
, (2)
where Γmax is the maximum adsorption possible and ka is the
absorption constant.
This study allowed the confirmation of the phenomenon
of physical adsorption of PEI onto the CNCs. Thus, the
adsorption of PEI onto the negatively charged CNCs is strong
enough to withstand the electrostatic interactions from ionic
species, i.e., Ca2+ and Cl− ions (present up to 100 mM of
salt concentration). While the maximum possible adsorption
is about 200 mg of PEI per g of CNCs, the emphasis in the
present study was on using low amounts of PEI in order to not
significantly affect the morphology of the particle. This is an
important criterion as a high degree of modification can affect
the inherent attributes of the nanoparticles.
XPS and elemental analysis
The presence of PEI on the surface of the dried CNC-PEI
particles was studied with XPS, a surface-sensitive technique.
Table III shows the percent areas of C1s, N1s, and O1s peaks
in the freeze-dried samples of unmodified CNC and CNC-PEI
from CNC/PEI (1/0.02) and (3/0.02) suspensions. The CNC
did not show any peaks for nitrogen and the percent areas
of C1s and O1s resembled the signature peak profile of anhy-
droglucose, the monomer unit in cellulose. The percent ratio
of oxygen to carbon in CNC-PEI samples was found to be
lower than that in unmodified CNCs indicating the oxygen
being masked by a PEI cover in the CNC-PEI particles. The
N1s peak in CNC-PEI particles had a good signal to noise ratio
in the high-resolution spectra and could be resolved into con-
stituent peaks typical of unprotonated amine groups and to
a very small degree of quaternized amine groups. Thus, the
CNC-PEI particles do have some amine groups still proto-
nated, which would explain the role of PEI in bridging inter-
actions (refer to the sections titled DLS and zeta potential and
Rheology characterization).
The X-rays in XPS penetrate to a sample depth of <10 nm,
making it essentially a surface technique. If the coating of the
PEI were to be ≥10 nm, the X-rays would only see the PEI
layer and the N% and N/C percent ratio would resemble the
theoretical N% and N/C ratio of PEI values (calculated from
atomic mass of the elements in the molecular formula of PEI)
as 32.6% and 0.58, respectively. However, we observe a N%
and N/C ratio much lower implying that there is contribution
from the carbon of cellulose and the X-rays can penetrate the
TABLE III. XPS data of percent area of C1s, O1s, and N1s peaks from high resolution spectra and the calculation of O/C,
N%, and N/C ratio for the freeze-dried unmodified CNCs and CNC/PEI-0.02 samples. (i), (ii), and (iii) refer to the number of
analyses: CNCs analyzed in duplicates and CNC/PEI-0.02 analyzed in triplicates.
CNC CNC CNC/PEI-0.02 CNC/PEI-0.02 CNC/PEI-0.02
Peak (i) (ii) (i) (ii) (iii)
C1s C–O 40.3 41.3 38.7 42.2 41.9
O–C–O 6.3 6.2 7.6 6.4 6.4
N1s No peak No peak 0.6 0.6 0.6
O1s O–C 26.6 27.7 29.3 27 26.1
O–C–O 23.0 23.5 19.5 20.5 21.2
Calculation
O/C % ratio 1.07 1.08 1.06 0.98 0.98
N % Zero Zero 0.63 0.62 0.62
N/C % ratio Zero Zero 0.013 0.012 0.012
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TABLE IV. The percentage of carbon, hydrogen, and nitrogen as analyzed from their
respective peaks and the calculated N/C ratio for freeze-dried unmodified CNC and
CNC/PEI-0.01(fd) and CNC/PEI-0.02(fd). (i) and (ii) refer to the number of analyses
(samples analyzed in duplicates).
Sample % C % H % N N/C % ratio
CNC (i) 40.15 6.60 Absent Zero
CNC (ii) 37.75 6.24 Absent Zero
CNC/PEI-0.01 (i) 38.46 6.39 0.185 0.007
CNC/PEI-0.01 (ii) 40.99 6.76 0.199 0.007
CNC/PEI-0.02 (i) 37.06 6.23 0.446 0.014
CNC/PEI-0.02 (ii) 36.71 6.06 0.408 0.014
PEI coating to see the cellulose units beneath. Since the theo-
retical N% and N/C ratio for CNC/PEI-0.02 (calculated from
the atomic mass of elements and the molecular mass of cellu-
lose with 0.02 degree of substitution of PEI) would be 0.63%
and 0.014, respectively, and the observed values are closer to
these theoretical values, it can be inferred that the PEI is finely
coated onto the CNCs and hence unlikely to affect the shape
and structure of the CNCs.
The elemental analysis of the atomic percent in the CNC
and CNC-PEI samples has been summarized in Table IV. The
elemental analysis technique is not confined to the surface,
and thus, the calculated atomic percent would be representa-
tive of the bulk of the given sample. The expected theoretical
N% and N/C ratio for the CNC/PEI-0.01 would be 0.32% and
0.007, respectively, while for CNC/PEI-0.02, 0.63% and 0.014,
respectively. The calculated N/C ratio in Table IV is similar
to the theoretical values implying a uniform presence of PEI
throughout the sample, which is also coherent with the XPS
analysis.
TEM analysis
The TEM analysis of unmodified CNCs and CNC-PEI
showed that the dimensions and shape of the particles were
not changed after the modification. As seen from the TEM
images in Fig. 3, there is hardly any difference between the
two different particles in terms of shape. This corroborates
the inference that was drawn from XPS and elemental anal-
yses that the coating of PEI was very thin and did not affect
the particle morphology. The dimensions of most particles as
observed from these images were found to lie between 130 and
170 nm in length and 5-10 nm in width.
Rheological behavior
The 1% (w/w) CNC suspensions with varying amounts of
PEI were found to be Newtonian with no storage modulus (G′)
FIG. 3. TEM images at two magnifications of (a) unmodified
CNCs and (b) CNC/PEI-0.02.
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FIG. 4. Complex viscosity (filled symbols) and steady-shear viscosity (open sym-
bols) as functions of the applied angular frequency (rad s−1) and shear rate
(1 s−1), respectively, for 1% (w/w) CNC suspensions made using different amounts
of PEI (measurements done at 25 ◦C).
and a complex viscosity (η∗) independent of the applied angu-
lar frequency (ω). Figure 4 shows the complex viscosity and
shear viscosity (η) plotted together for the applied angular
frequency and shear rate (γ˙) for 1% (w/w) CNC and CNC-
PEI suspensions. The CNC/PEI (1/0.005) suspension showed
negligible increases in the complex viscosity and marginal
increases are noted for the CNC/PEI (1/0.01) sample. The
CNC/PEI (1/0.02) suspension exhibits significant increases
with a shear-thinning effect.
The incompliance to the Cox-Merz rule, i.e., η∗(ω) = η(γ˙)
when ω ≈ γ˙, for the steady state values can help ascer-
tain inter-particle interaction in the suspension. The suspen-
sions of unmodified CNCs and CNC/PEI (1/0.005) obey the
Cox-Merz rule, implying the absence of any inter-particle
interaction or network formation. The CNC/PEI (1/0.01) sus-
pension shows the beginning of deviation from the Cox-
Merz rule while CNC/PEI (1/0.02) clearly indicates the
presence of bridging network associations that are lost under
application of rotational shear deformation. The 1% (w/w)
CNC suspensions are quite dilute and would have large
inter-particle distance preventing any significant interac-
tions or associations. However, in the CNC/PEI (1/0.02) sus-
pension, the inter-particle distance would be reduced on
account of an increase in particle size (as was observed in
DLS study), thereby allowing for some degree of bridging
effect.
The 3% (w/w) CNC suspension also behaves as a New-
tonian fluid that did not show any evolution in the rheo-
logical parameters with time; however, the properties of the
3% (w/w) CNC-PEI suspensions were found to be time depen-
dent. The freshly prepared 3% (w/w) CNC-PEI suspensions
were Newtonian but turned into gel systems after a few hours.
Thus, time sweep experiments were performed on the freshly
prepared 3% (w/w) CNC-PEI suspensions to follow the gel
formation. Figures 5(a) and 5(b) report the evolution of the
storage modulus (G′), loss modulus (G′′), and complex viscos-
ity with time for the different CNC/PEI suspensions [note
that there was no storage modulus for the Newtonian 3%
(w/w) CNC suspension in Fig. 5(a)]. All suspensions contain-
ing PEI evolve the most in the first 10 h of being prepared
and then reach a plateau where they continue to evolve, but
at a much lower rate. They were found to never reach an
equilibrium state where the rheology parameters became con-
stant over time, and thus, the gel for each suspension was
analyzed by frequency sweep. Several tests for any given com-
position were carried out and the values of the rheologi-
cal parameters for any given composition were reproducible
within ±20%.
Freshly prepared 3% (w/w) CNC-PEI suspensions have
moduli and complex viscosity similar to the 3% (w/w)
CNC suspension; however, with time, the storage modulus
and complex viscosity of the CNC-PEI suspensions showed
increase by almost three decades over 20 h, the storage
FIG. 5. Evolution of (a) storage modulus
(filled symbols) and loss modulus (open
symbols), and (b) complex viscosity dur-
ing time sweep tests at 1 rad s−1 and
1% strain for the 3% (w/w) CNC suspen-
sions having PEI 0.00, 0.005, 0.01, 0.02,
and 0.05 g per g of CNCs(measurements
done at 10 ◦C).
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modulus being always greater than the loss modulus. The stor-
age modulus values of CNC/PEI (3/0.01) are twice those of
CNC/PEI (3/0.005), but the increase for CNC/PEI (3/0.02)
and then CNC/PEI (3/0.05) was not to the same measure,
implying a saturation point in the degree of inter-particle
network for gel formation.
As expected, the gels formed are sensitive to the strain
applied during time sweep experiments, as illustrated in Fig. 6
for the CNC/PEI (3/0.01). Figure 6(a) shows the time sweep
done at 25% amplitude on CNC/PEI (3/0.01), and Figs. 6(b)
and 6(c) show a comparison of the frequency sweep on the
CNC/PEI (3/0.01) gel formed under time sweep at 1% and
25% amplitude. The system evolved into gel with similar time
sweep profiles [Fig. 6(a)] having G′ > G′′ at 1 rad s−1 for both 1%
and 25% amplitude; however, the resulting gel had different
strength as seen from Fig. 6(b).
The strength of gels from the rheology perspective is
understood in two ways: for weak gels, the storage modulus
is dependent on applied frequency and the G′ is <10 times of
G′′ (Clark and Ross-Murphy, 1987; Ikeda and Nishinari, 2001;
and Picout and Ross-Murphy, 2003). As is apparent from fre-
quency sweep in Fig. 6(b), the CNC/PEI (3/0.01) gel has a stor-
age modulus always greater than the loss modulus over the
entire frequency range, but when the system evolved into gel
at strain of 25%, it had a lower G′/G′′ ratio and larger variation
in G′ with increasing angular frequency than the gel formed
at 1% amplitude. There is a significant difference in the loss
modulus for the gel formed in 1% amplitude and 25% ampli-
tude, implying a greater degree of network formation in the
former. Since the networks or links between the CNC-PEI par-
ticles are not covalent in nature, they do rupture on higher
frequency making the system flow. Thus, while the suspen-
sion evolved into a gel system in both cases with a similar
sigmoidal evolution in time sweep, the rheological properties
were different. The extent to which an inter-particle network
could be achieved was apparently greater in soft conditions of
1% amplitude while a 25% strain was either preventing inter-
particle associations or breaking some of them as they were
formed, thereby resulting in a much weaker gel. For this rea-
son, the suspensions were always allowed to evolve to the
maximum extent and the time sweep was thereon performed
at 1% strain. Figure 7 represents the rheological properties in
the viscoelastic domain of the gel systems formed in Fig. 5 for
different 3% (w/w) CNC-PEI suspensions.
From Fig. 7(a), it can be seen that the CNC/PEI (3/0.005)
suspension does not really form a gel and there is a cross-
over point between G′ and G′′ at around 10 rad s−1. This
suspension evolved into a thick but easily flowing paste. As
the amount of PEI was increased to 0.01 g per g of CNC
or more, there was a clear formation of gel with the G′/G′′
[Fig. 7(b)] being maximum for CNC/PEI (3/0.05) at ∼18 at
1 rad s−1. Compared to the 3% (w/w) CNC suspension, the
complex viscosity [Fig. 7(c)] of CNC-PEI (3/0.005) shows
almost 2 decades of increase while the gel forming suspen-
sions CNC-PEI (3/0.01) and (3/0.02) have four decades of
increase.
The CNC/PEI gels were also studied in the non-linear
viscoelastic domain by a shear “loop” involving application
of increasing shear rate and decreasing shear rate. Figure 8
shows shear viscosity as a function of applied shear rate when
the sequence of shear “loop” involves an increasing shear rate
followed by a decreasing shear rate.
The CNC/PEI gels show a shear-thinning behavior on
application of shearing which is not observed in the Newto-
nian 3% (w/w) CNC suspension. High concentrations of CNC
suspensions [∼5% (w/w) and above] are known to demon-
strate a dependence of shear viscosity on applied γ˙ where
the viscosity decreases with increasing shear rate due to the
orientation of the particles in the flow direction (Beuguel
et al., 2018b). The 3% (w/w) CNC suspension only sugges-
tively shows this behavior (Fig. 8) as the low viscosity of
FIG. 6. (a) Time sweep data at 1 rad s−1 with 25% (gray symbols) and 1% (blue symbols) amplitude of CNC/PEI (3/0.01), (b) storage modulus (filled symbols) and loss
modulus (open symbols), and (c) complex viscosity from the frequency sweep experiment in the linear viscoelastic domain for the CNC/PEI (3/0.01) gel formed during time
sweep experiments (measurements done at 10 ◦C).
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FIG. 7. The rheological parameters (a) storage modulus G′ (filled symbols) and loss modulus G′′ (open symbols), (b) G′/G′′ ratio, and (c) complex viscosity (η∗) as a function
of angular frequency (ω) in the linear viscoelastic domain for the gel systems of CNC/PEI (3/0), (3/0.005), (3/0.01), and (3/0.05) (measurements done at 10 ◦C).
the suspension allows for easy relaxation of the oriented
CNCs.
The shear viscosity of the 3% (w/w) CNC suspension
was found to be independent of the sequence in which
increasing and decreasing shear rates were applied. How-
ever, as seen from Fig. 8, the CNC/PEI gels showed hystere-
sis in the viscosity values at low shear rates when the shear
“loop” involved increasing shear rates followed by decreas-
ing shear rates. Application of an increasing shear rate leads
to a gradual breaking in network resulting in higher viscos-
ity values than those from a decreasing shear rate where the
FIG. 8. Shear viscosity (η) versus shear rate (γ˙) when a shear “loop” involved
application of increasing shear rate (filled symbols) followed by a decreasing
shear rate (open symbols) on CNC/PEI (3/0.00), (3/0.005), (3/0.01), and (3/0.05)
(measurements done at 10 ◦C).
inter-particle network does not reform fast-enough with
reducing shear. When the shear “loop” involved a decreasing
shear rate followed by an increasing shear rate, the shear vis-
cosity values were similar for both, as the network was com-
pletely ruptured under high shearing at the initial stage of the
experiment.
Also, the difference in shear viscosity values and the range
of γ˙ on the x-axis over which it is observed (Fig. 8) depends
on the amount of PEI in the CNC/PEI gel. Trace amount of
PEI in CNC/PEI (3/0.005) showed a larger difference over a
longer range of γ˙ (1–100 s−1) while CNC/PEI (3/0.05) showed
a smaller difference over a smaller range of γ˙ (1–20 s−1). To
understand these observations in Fig. 8 of CNC/PEI gels, we
need to consider the two dynamics involved during shearing,
one concerning the slow relaxation of shear-oriented CNC
particles due to high viscosity of the system and the other
pertaining to the rupture of inter-particle bridging network.
The viscosities of CNC/PEI (3/0.01), (3/0.02), and (3/0.05)
gels are similar but much higher than 3% (w/w) CNC suspen-
sion; thus, the relaxation time of the oriented CNC particles
would be similar for these gels and significantly greater than
3% (w/w) CNC suspension. The bridging network, however,
would be to a greater extent in CNC/PEI (3/0.05) than in
CNC/PEI (3/0.01), (3/0.02), or CNC/PEI (3/0.005) simply on
account of the PEI content, the entity responsible for creating
these inter-particle links. In the case of CNC/PEI (3/0.005),
the system is a thick paste with a viscosity almost 2 decades
more than 3% (w/w) CNC suspension and very little degree of
inter-particle network due to trace amounts of PEI. Thus, the
combination of the two phenomena, longer relaxation time of
particles getting oriented in the direction of flow and the small
degree of bridging network, results in a significant hystere-
sis between increasing shear rate and decreasing shear rate
viscosities over a larger γ˙ region of the graph (Fig. 8). On the
other hand, the long relaxation time of particles oriented at
high shear in CNC/PEI (3/0.05) is compensated by a greater
degree of inter-particle network, which is reflected in a small
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difference between the shear viscosities from the increasing
shear rate and decreasing shear rate over a smaller γ˙ region of
the graph.
Figure 9 shows the plot of complex viscosity along with
the shear viscosities from an increasing shear rate followed
by a decreasing shear rate for different 3% (w/w) CNC-
PEI compositions. The Cox-Merz rule is followed by the
3% (w/w) CNC suspensions but the viscoelastic gels of
CNC/PEI show a deviation from this rule. The complex vis-
cosity for these gels is always greater than the shear viscosity
and the deviation is greater for higher PEI contents. Thus, PEI
was responsible for the network formation that resulted in
gels.
Figure 10 shows network re-formation in CNC/PEI
(3/0.01) gel during 10 min and 30 min of rest after removal
of shear. The CNC-PEI (3/0.01) gel was subjected to a shear
“loop” of an increasing shear rate and a decreasing shear
rate and then left undisturbed for 10 min. On application
of an increasing shear rate again, the gel had an increase
in shear viscosity due to re-establishment of some of the
network during 10 min rest; however, it was still lower
than what was initially obtained for the gel. When the sys-
tem was allowed 30 min rest, the shear viscosity was sim-
ilar to the initially obtained. To understand this re-gain in
shear viscosity after 30 min of rest, an SAOS study was
performed for different shear rates, which has been shown
in Fig. 11.
It is obvious from the SAOS graph on the right side
in Fig. 10 that the equilibrium structure before each SAOS
depends on the magnitude of the pre-shear applied, wherein
the greater is the pre-shear, the less developed is the
FIG. 9. Complex viscosity (η∗) (filled symbols) and the shear viscosity (η) (open
symbols) from decreasing shear rate as a function of the applied angular frequency
(ω) and shear rate (γ˙), respectively, for CNC/PEI (3/0), (3/0.005), and (3/0.05)
(measurements done at 10 ◦C).
FIG. 10. Shear viscosity (η) versus the applied shear rate (γ˙) for the gel of
CNC/PEI (3/0.01) when shearing is applied: increasing shear rate, decreasing
shear rate, rest of 10 min followed by increasing shear rate, and rest of 30 min
followed by increasing shear rate (measurements done at 10 ◦C).
structure (low G′ values). After the removal of the shear,
the structure re-establishes itself gradually and the G′
increases with time. Since the lower pre-shear rate has
a more developed structure, the SAOS is similar to the
time sweep profile of the system in the plateau region.
This behavior of the nanoparticles in polymer matrices had
been previously demonstrated by Mobuchon et al. using
organomodified clay in polybutene (Mobuchon et al., 2007),
and it was surprising to find this behavior for a suspen-
sion of surface functionalized CNCs at a dilute concentration
of 3% (w/w).
Re-dispersion of freeze-dried particles in water
This surface modification is based on physical adsorp-
tion of PEI, which has an affinity for negatively charged
CNCs. However, since PEI is water soluble, it also has
a strong affinity for water. Physical adsorption processes
can be reversible in nature and thus, to understand if
this modification is also reversible, the freeze-dried parti-
cles obtained from aqueous suspension were re-suspended
in water. Figure 11(a) shows that freeze-dried CNCs can
be re-suspended in water, but the CNC-PEI particles can-
not re-suspended in water, implying the modification to be
irreversible.
It is surprising that these CNC-PEI particles do not show
any phase separation in their freshly prepared suspensions,
but once dried cannot be re-suspended in water (Fig. 12). The
reason for this is as yet unknown; however, we posit that, dur-
ing preparation of the CNC/PEI suspensions, when the PEI
solution is introduced to the well suspended CNCs in water,
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FIG. 11. Structure evolution in CNC/PEI
(3/0.01) gel: (a) shear viscosity (η) ver-
sus decreasing shear rate (γ˙) followed
by (b) an SAOS at 1 rad s−1 and
1% amplitude at steady state for differ-
ent pre-shear (measurements done at
10 ◦C).
the modification in aqueous suspensions would likely have
the PEI chains well extended in water along with some water
molecules possibly trapped between the physically adsorbed
PEI and CNCs. This would allow the suspension to remain sta-
ble on account of proper interaction with the solvent, despite
having a reduced surface charge. However, once freeze-dried,
the water molecules are removed and the PEI chains would
likely collapse onto the CNC surface resulting in much greater
contact between the two entities. Given that the electrostatic
force is a strong interaction, the re-introduction of water
is unlikely to reduce the CNC-PEI interactions and, hence,
now the water molecules can be imagined to be interact-
ing with only PEI on the CNC surface that would appear
less hydrophilic from charge neutralized ethyleneimine
groups.
The CNC-PEI particles studied in the present work are
made using low amounts of PEI that never result in com-
plete charge neutralization of the CNC surface (recall the zeta
potential analysis). Thus, these particles only have reduced
hydrophilicity from lower surface charge rather than have
a hydrophobic surface due to completely charge neutral-
ized PEI on the CNC. As a result, no noticeable differ-
ence in the dispersion of freeze-dried CNC and CNC-PEI
FIG. 12. Behavior of freeze-dried CNCs and freeze-dried CNC-PEI-0.01 in water
after ultrasonication treatment.
particles was observed in non-polar solvents (e.g., toluene,
hexane).
CONCLUDING REMARKS
The present study is relevant for two aspects, one being
the uniform non-covalent surface modification of CNCs in an
aqueous medium without the use of any catalyst and coupling
agent and the second being the formation of gel by the sus-
pensions of the modified CNCs. The modification of the neg-
atively charged CNCs relies on physical adsorption of cationic
branched polymer PEI on account of electrostatic attraction.
The use of ultrasonication during the modification allows for
a uniform coating of the particles and the resulting aque-
ous suspensions are stable without phase separation for days.
The XPS and elemental analyses confirmed the uniformity of
PEI coating, while the TEM images showed that the shape of
nanoparticles was not affected as a result of this coating.
The Newtonian 3% (w/w) CNC suspension evolved into
a non-Newtonian gel system when the CNCs were modified
with an amount of PEI that is only one hundredth of the
total CNCs in the suspension. The non-covalent inter-particle
interactions due to bridging networks formed by PEI could
be broken down by the application of shear, but were re-
established on removal of shear to result in the same rheo-
logical parameters as of the original gel, but after very long
times.
This study demonstrates how to make non-covalent mod-
ification efficient in terms of uniformly modifying CNCs with-
out agglomerates while opening up avenues of fine-tuning
CNC suspension properties for various end-use applications
such as hydrogels with self-healing properties, pharmaceuti-
cal formulations, and viscosity modifiers.
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